1. Introduction {#sec1}
===============

Titanium (Ti) and its alloys are widely used materials for body implants such as joint prostheses, dental implants, and medical devices because they have high strength-to-weight ratio, excellent corrosion resistance in the*in vivo* physiological environment, and good biocompatibility \[[@B1]\]. However, most commercially available Ti-based implant biomaterials exhibit much higher Young\'s modulus than that of human bones (around 30 GPa or less). This mismatch of Young\'s modulus between the Ti-based implant (i.e., 110 GPa for Ti-6Al-4V) and bone is unfavorable for bone healing and remodeling. Thus, a stress shielding effect results in bone resorption and eventually the loosening and premature failure of the implant \[[@B2]\]. Furthermore, the toxicity to human osteoblasts of Al and V ions has been previously pointed out \[[@B3]\]. In addition, the*in vivo* release of Al and V from Ti-6Al-4V alloy due to wear and corrosion has proved to cause neurological disorders and toxicity to human systems, respectively \[[@B1], [@B4]\]. Therefore, implants alloys with much lower Young\'s moduli than Ti-6Al-4V and nontoxic elements are being developed. Some examples are Ti-Nb \[[@B5]\], Ti-Nb-Ta \[[@B6]--[@B8]\], Ti-Nb-Zr \[[@B9]--[@B11]\], Ti-Nb-Mo \[[@B12]\], Ti-Nb-Sn \[[@B13]\], Ti-Nb-N(O) \[[@B14], [@B15]\], Ti-Nb-Zr-Sn \[[@B16]--[@B18]\], Ti-Nb-Mo-Sn \[[@B19]\], Ti-Nb-Mo-Zr-Sn \[[@B20]\], and Ti-Zr-Nb-Fe \[[@B21]\].

Despite their good properties suitable for biomedical applications, Ti-based alloys suffer from the drawback of poor tribological properties like low abrasive and adhesive wear resistance, poor surface hardness, and high coefficient of friction \[[@B22]\]. A number of studies have been performed to resolve these problems. Thus, several forms of nitriding have been developed in order to improve surface properties and bioperformance of Ti-based biomaterials. Some of these comprise gas nitriding \[[@B23]--[@B26]\], laser nitriding \[[@B27]--[@B29]\], and several forms of plasma nitriding \[[@B30]--[@B33]\]. The high temperature gas nitriding technique holds great potential for biomedical applications. Thus, it presents the advantage to coat complex shaped surfaces, which is particularly interesting in the case of implants and prostheses \[[@B22]\]. This technique is also particularly well adapted with the *β* Ti alloys as this microstructure is stable at high temperature. On the other hand, the presence of internal nitrides, observed in the *β*-type titanium alloys, has recently been shown to enhance the adherence to the coating, which is required to avoid the dissemination of wear debris from implant \[[@B34]\].

It is worth mentioning that the studies on the antibacterial activity and biological performance of nitrided Ti-based alloys are rarely reported. Some of them emphasized that by nitriding processes the biomaterial surfaces are endowed with antibacterial properties in terms of bacterial adhesion and biofilm formation \[[@B35]--[@B38]\]. Apart from this, the biocompatibility and high corrosion resistance in the physiological environment make nitrided biomaterials a very good choice for load-bearing implants. The physiological fluid contains very aggressive Cl^−^ ions which can corrode the implant materials by releasing ions of the metallic constituents. This dissolution process can affect the implant mechanical properties and can contaminate the organism with metallic ions and compounds. Therefore, an important restriction for a good material is its high corrosion resistance, high stability, and chemical inertness in the human biofluids \[[@B37], [@B39]--[@B42]\]. The nitride coatings can confer high corrosion protection and wear resistance to the implant alloys \[[@B43]--[@B45]\], maintaining good mechanical properties and biocompatibility \[[@B43], [@B46]\]. Huang et al. \[[@B47]\] reported that TiN film was deposited onto the Ti substrate using the cathodic arc plasma deposition technique and ion-nitriding treatment improved corrosion resistance and osteoblast-like cell adhesion. Another study pointed out that TiN coating of Ti plasma sprayed implants exhibited a good affinity for primary human bone marrow mesenchymal stem cells in terms of adhesion, proliferation, and osteogenic differentiation. Jang et al. \[[@B48]\] investigated the effect of TiN and TiAlN produced by physical vapor deposition on Ti dental implants upon MG63 cell behaviour. The analysis of the osteoblast proliferation and differentiation indicated a high level of biocompatibility of the treated Ti dental implant.

To the best of our knowledge there is no literature available on nitrided *β*-type superelastic Ti alloys. In this context, the present study aims to investigate the influence of gas nitriding process on the surface film composition and morphology, corrosion behaviour, and biocompatibility of recently developed Ti-23Nb-07Ta-2Zr-0.5N alloy. The obtained data were related to the properties displayed by the corresponding bare alloy and pure Ti as a reference biomedical implant.

2. Experimental {#sec2}
===============

2.1. Alloy Synthesis and Superficial Nitriding Process {#sec2.1}
------------------------------------------------------

As titanium, zirconium, tantalum, and niobium have melting points and densities which are very different, the synthesis of the Ti-23Nb-07Ta-2Zr-0.5N alloy composition (mol%) was realized by cold crucible semilevitation melting (CCLM) technique under high vacuum, using a high-frequency magnetic induction generator heating system. With this method, the high-frequency magnetic field is used to stir the liquid, which is useful in ensuring that alloying elements are fully mixed into the melt without contamination thanks to the restricting contact points between the melt and the cold crucible. The added elements are pure solid metals, except nitrogen, which was introduced through titanium nitride (TiN) powder. After a homogenization treatment at 950°C for 16 h, the ingot was cold rolled at room temperature to reach 1 mm in thickness that corresponds to 90% of reduction in thickness.

From the sheet, disc shape samples (diameter: 13 mm, thickness: 1 mm) were cut for the biological and the electrochemical tests. Then, all samples were solution treated under high vacuum at 850°C for 0.5 hour in the beta-phase field and water quenched. The aim of this treatment is to restore a fully recrystallized beta microstructure from the cold rolled state that gives a low elastic modulus (50 GPa) and a superelastic behaviour (2.2% of elastic recovery obtained by tensile test) as previously reported in a recent work \[[@B49]\]. Finally, all samples were mechanically polished on silicon carbide abrasive papers (up to 4000 grit) and then ultrasonically cleaned in acetone, thoroughly washed with ethanol and dried in air. The roughness value in surface, Ra, was evaluated to be 98 ± 7 nm by atomic force microscopy (AFM).

A part of the disc shape samples was superficially nitrided in this study in order to test the biological and the electrochemical responses by comparison with the bare alloy. The nitriding process consists of a high temperature gas nitriding treatment, which was carried out at 950°C for 2 h under one controlled flow high-purity nitrogen atmosphere (N2 \> 99.99%).

2.2. Evaluation of Composition and Morphology of the Initial Films Existing on Bare and Nitrided Ti-23Nb-0.7Ta-2Zr-0.5N Alloy Surface {#sec2.2}
-------------------------------------------------------------------------------------------------------------------------------------

The compositions of the native passive film on the bare Ti-23Nb-0.7Ta-2Zr-0.5N alloy surface and of the coating formed on the nitrided alloy surface were identified by X-ray photoelectron spectroscopy (XPS). The surface morphology was assessed by scanning electron microscopy (SEM).

XPS equipment has a source of Alk*α* radiation (1486.6 eV, monochromatized) and the overall energy resolution of 0.65 eV by the full width at half maximum (FWHM) of Au 4f~7/2~ line. The errors in the quantitative analysis (relative concentration) were estimated in a range of ±5% and the accuracy of the binding energies assignments was ±0.2 eV. The thickness of the surface layers was determined by the XPS depth profiling, layer by layer experiment, using Ar^+^ ion beam as an incident angle of 45°, with a spot size of 100 *μ*m, on area of 3 × 3 mm.

SEM micrographs were obtained in a FEI Quanta 3D FEG Dual Beam apparatus operating at accelerating voltage of 20 kV, equipped with backscattered (BSE) detector and energy dispersive X-ray (EDX) spectrometer.

2.3. Evaluation of the Electrochemical Behaviour of Ti and Bare and Nitrided Ti-23Nb-0.7Ta-2Zr-0.5N Alloy in Ringer\'s Solution of Different pH Values {#sec2.3}
------------------------------------------------------------------------------------------------------------------------------------------------------

The electrochemical behaviour of Ti and bare and nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy in Ringer\'s solution of different pH values was studied by the potentiodynamic cyclic and linear polarization tests. The measurements were performed with Voltalab 80 equipment.

Cyclic potentiodynamic polarization curves were recorded starting from a value of about 300 mV more negative than the open circuit potential and continue to positive direction till +1000 mV (versus SCE) with a scan arte of 1 mV/s. The main electrochemical parameters were determined: *E* ~corr~: corrosion potential as zero current potential; *E* ~*p*~: passivation potential where the current density becomes constant; \|*E* ~corr~ − *E* ~*p*~\|: tendency to passivation with low values characterizes a strong, easy passivation; *i* ~*p*~: passive current density representing the corrosion resistance of the passive layer \[[@B37], [@B44], [@B45], [@B50]\].

Linear potentiodynamic polarization was carried out for ±50 mV around the open circuit potential at a scan rate of 0.1 mV. Tafel representations \[[@B42], [@B51]--[@B53]\] were adjusted by VoltaMaster 4 program and the main corrosion parameters were directly supplied: *i* ~corr~: corrosion current density; *V* ~corr~: corrosion rate; *R* ~*p*~: polarization resistance. Because the polarization resistance, *R* ~*p*~, shows the protection degree of the coating \[[@B54]\], it is used to calculate the porosity factor *P*(%) by Tato and Landolt \[[@B55]\] formula:$$\begin{matrix}
{P\left( {\%} \right) = \frac{R_{b}}{R_{n}} \times 100,} \\
\end{matrix}$$where *R* ~*b*~ and *R* ~*n*~ represent the resistance of the bare and nitrided alloy, respectively. The protection efficiency, *E*(%), of the coating was calculated by many authors \[[@B40], [@B50]\] in function of the corrosion current density for bare, *i* ~corr,*b*~, and nitrided, *i* ~corr,*n*~, alloys:$$\begin{matrix}
{E\left( {\%} \right) = \frac{i_{\text{corr},b} - i_{\text{corr},n}}{i_{\text{corr},b}} \times 100.} \\
\end{matrix}$$

Also, using the corrosion rate we calculated the ion release rate representing the total quantity of ions released into surrounding biofluid \[[@B52], [@B53]\]:$$\begin{matrix}
{\text{Ion\ release\ rate} = 1.016 \times V_{\text{corr}} \times 10^{2},} \\
\end{matrix}$$where ion release rate is expressed in ng/cm^2^ and *V* ~corr~ in *μ*m/year.

The electrochemical experiments took place in a glass electrochemical cell; discs of Ti and bare and nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy were used as the working electrodes connected with saturated calomel electrode (SCE) by a Luggin-Haber capillary; auxiliary electrode was a platinum plate. The working electrodes were ultrasonically degreased in acetone and bidistilled water for every 30 min and dried in air. Three samples were used for every experiment and the results reproducibility was very good.

The real conditions from the human body were simulated by Ringer\'s solution of different pH values: acid pH of about 3 value \[[@B56]\] can appear in the case of surgery; neutral pH of about 7.4 value is the normal pH of the human biofluid \[[@B56], [@B57]\]; alkaline pH of about 9 value \[[@B57]\] can arise in case of infections or inflammations. Ringer\'s solution composition (g/L) was NaCl, 6.8; KCl, 0.4; CaCl~2~, 0.2; MgSO~4~·7H~2~O, 0.2048; NaH~2~PO~4~·H~2~O, 0.1438; NaHCO~3~, 1.1; glucose, 1.

2.4. Culture Model and Cell Cultivation {#sec2.4}
---------------------------------------

The cell culture model used in cytocompatibility studies was represented by a human osteoblast-like cell line, MG63 (American Type Culture Collection, CRL-1427). These cells were seeded onto the test materials at a final density of 5 × 10^3^ cells·cm^−2^ in Dulbecco\'s Modified Eagle Medium (DMEM) containing 1‰ glucose, supplemented with 10% heat-inactivated fetal bovine serum and 1% (v/v) penicillin/streptomycin (10,000 units·mL^−1^ penicillin and 10 mg·mL^−1^ streptomycin). Previously to*in vitro* tests, the Ti-based samples were sterilized by immersion in 70% ethanol, washed with sterile-filtered Milli-Q water, maintained under ultraviolet light in a sterile tissue culture hood for 1 h on each side, and conditioned in culture medium. The cells were maintained in contact with these samples in a humidified atmosphere of 5% CO~2~ at 37°C for specific points in time. The medium was exchanged every second day. All experiments have been done in triplicate and a statistical analysis has been performed using one-way ANOVA with Bonferroni\'s multiple comparison tests.

2.5. Osteoblasts Adhesion and Morphology {#sec2.5}
----------------------------------------

MG63 osteoblast-like cells grown on Ti-based materials for 30 min, 6 h and 24 h, were fixed with 4% paraformaldehyde, permeabilized and blocked with 0.1% Triton X-100/2% bovine serum albumin for 1 h and, subsequently, washed with phosphate buffered saline (PBS). The samples were then incubated with anti-vinculin antibody (dilution 1 : 50, Santa Cruz Biotechnology) for 2 h at room temperature, washed again with PBS, and incubated for 1 h with a specific secondary antibody coupled with Alexa Fluor 546. Afterwards, a sequential treatment with Alexa Fluor 488 conjugated to phalloidin and 2 *μ*g/mL DAPI (4′,6-diamidino-2-phenylindole) was performed. Labeled samples were washed with PBS and examined under an inverted microscope equipped with epifluorescence (Olympus IX71). The images were captured by means of Cell F image acquiring system.

2.6. Cell Viability and Proliferation {#sec2.6}
-------------------------------------

Viability of MG63 osteoblasts cells was evaluated by combining a cytotoxicity test consisting in the assessment of lactate dehydrogenase (LDH) released into the culture medium and MTT \[3-(4,5-dimethyl thiazol-2-yl) 2,5-diphenyltetrazolium bromide\] colorimetric study which also represents a useful indication of cell proliferation rates. LDH assay was carried out by using a cytotoxicity detection kit (Tox-7, Sigma-Aldrich) according to the manufacturer\'s protocol. Absorbance was evaluated at 490 nm using a microplate reader (Thermo Scientific Appliskan). MTT assay has been performed as previously reported \[[@B58]\]. Both assays were conducted at 1, 3, and 5 days after seeding.

2.7. Statistical Analysis {#sec2.7}
-------------------------

Statistical analysis was performed with GraphPad Prism software using one-way ANOVA with Bonferroni\'s multiple comparison tests. Triplicate samples were used in LDH and MTT experiments to ensure the reproducibility of the results. The data are presented as means ± SD (standard deviation). The *p* values \<0.05 were considered to be statistically significant.

3. Results and Discussion {#sec3}
=========================

In order to demonstrate the advantage of surface gas nitriding of the recently developed *β*-type Ti alloy, Ti-23Nb-0.7Ta-2Zr-0.5N, the surface film composition and morphology, corrosion behaviour, and*in vitro* osteoblast response have been assessed in this study. In a previous paper, this superelastic alloy combining high strength, high superelasticity, low Young\'s modulus (approximately 50 GPa), and good ductility was shown to hold a great potential for orthopedic applications \[[@B49]\]. Thus, a substantial increase in the differentiation and mineralization ability of MC3T3-E1 preosteoblasts and no significant inflammatory response were elicited in cells cultured on this material.

3.1. Composition and Morphology of the Initial Films Existing on the Bare and Nitrided Ti-23Nb-0.7Ta-2Zr-0.5N Alloy Surfaces {#sec3.1}
----------------------------------------------------------------------------------------------------------------------------

### 3.1.1. Composition of the Initial Films Existing on the Bare and Nitrided Ti-23Nb-0.7Ta-2Zr-0.5N Alloy Surfaces from XPS Analysis {#sec3.1.1}

In order to remove the unavoidable surface carbon contamination originated from environmentally hydrocarbon adsorption, a gentle Ar^+^ ion etching of 0.5 min sputtering with a beam energy of 1 keV scanned over (3 × 3) mm area was carried out. XPS experiments performed under this setup on standard samples of Ti, Nb, Ta, and Zr oxides showed no ion beam induced effects on their surface chemistry.

XPS survey spectra for the native passive film existing on the bare Ti-23Nb-0.7Ta-2Zr-0.5N alloy ([Figure 1(a)](#fig1){ref-type="fig"}) detected the presence of the characteristic peaks for all constituent elements Ti 2p, Nb 3d, Zr 3d, Ta 4f, O 1s, and N 1s \[[@B59], [@B60]\]. The same elements were identified in XPS survey spectrum for the nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy ([Figure 1(b)](#fig1){ref-type="fig"}) with the difference that the peak for N 1s is much more intense (due to a massive quantity of nitrogen from the nitride coating) and the peak for O 1s is less intense compared with spectrum for the bare alloy. The thickness of the native passive film existing on the bare Ti-23Nb-0.7Ta-2Zr-0.5N alloy surface is 6.5 ± 0.5 nm calculated by using the relative sputter rates experimentally determined by Baer et al. \[[@B61]\] on the same equipment and the same experimental setup. For the nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy, the thickness of the formed layer could not be determined because it exceeds the detection limits of our equipment as it is a very thick coating.

The XPS high resolution spectra ([Figure 2](#fig2){ref-type="fig"}) differ very much referring to the bare and nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy.

Ti 2p for the bare alloy ([Figure 2(a)](#fig2){ref-type="fig"}) is present as a mixture of 4+ oxidation state and 3+ oxidation state as well as a tiny amount of TiN; nitrogen is found at the limit of detection of our XPS equipment (\~0.5 atom %). It is worth to notice that the only photoelectric emission method allows the detection of nitrogen at this low limit; otherwise, no other method has the capability to detect and to resolve nitrogen characteristic feature in a matrix with oxygen and suboxides.

Ti 2p for the nitrided alloy ([Figure 2(b)](#fig2){ref-type="fig"}) evidences the peak for TiO~2~ oxide and supplementary peaks for the TiN and oxynitride.

Nb 3d for the bare alloy ([Figure 2(c)](#fig2){ref-type="fig"}) shows a mixture of Nb~2~O~5~ and NbO~2~ oxides.

In Nb 3d deconvoluted spectra for the nitrided alloy ([Figure 2(d)](#fig2){ref-type="fig"}) niobium oxides did not appear; only niobium nitride and oxynitride did.

Photoelectron Ta 4f doublet lines are very close to O 2s line; however, the deconvoluted procedure for the bare alloy ([Figure 2(e)](#fig2){ref-type="fig"}) exhibited the presence of tantalum suboxides on the outermost surface layer after removing the contaminated top surface layer.

In the case of the nitrided alloy, Ta 4f ([Figure 2(f)](#fig2){ref-type="fig"}) is maintained as suboxides in very low concentration.

Zr 3d for the bare alloy ([Figure 2(g)](#fig2){ref-type="fig"}) shows a tendency to forming only 4+ oxidation state (ZrO~2~) without any suboxides.

The same peak for the protective ZrO~2~ oxide was revealed for the nitrided alloy ([Figure 2(h)](#fig2){ref-type="fig"}) proving a high stability in its full oxidation state.

O 1s spectrum for the bare alloy ([Figure 2(i)](#fig2){ref-type="fig"}) depicts three peaks, three features: the oxygen (O^2−^) bonded into the lattice as oxides; hydroxyl group (OH^−^) adsorbed from the environment; and a small amount of oxygen dissolved into the material matrix.

For the nitrided alloy, O 1s spectrum ([Figure 2(j)](#fig2){ref-type="fig"}) does not display the peak for the adsorbed OH^−^ group.

N 1s deconvoluted spectrum for the bare alloy ([Figure 2(k)](#fig2){ref-type="fig"}) displays a low content of nitrogen at the detection limit of our instrument (\~0.5% atom) assigned to the (oxy)nitride chemical state. The presence of a tiny amount of adsorbed nitrogen cannot be completely ruled out.

For the nitrided alloy, N 1s spectrum indicates peaks for nitrides, oxynitrides, and adsorbed nitrogen. The massive presence of the nitrogen that reacts with the surface and with the bulk of the alloy, till depth in the range of microns, diminishing the thickness of the native passive film under 5 nm was revealed. It is clear that, in the region where the oxygen is present, nitrides and oxynitrides are formed; then, after oxygen consumption, only "in-depth" nitrides are formed. Oxygen has a lower concentration correlated to the much higher nitrogen atom concentration if compared with the bare alloy. Thus, the nitriding treatment strongly influences both the composition and properties of the surface, of the substrate and of the bulk alloy.

Atom relative concentrations of the initial and nitrided film on Ti-23Nb-0.7Ta-2Zr-0.5N alloy surface are displayed in [Table 1](#tab1){ref-type="table"}.

### 3.1.2. Morphology of the Initial Films Existing on the Bare and Nitrided Ti-23Nb-0.7Ta-2Zr-0.5N Alloy Surfaces from SEM Micrographs {#sec3.1.2}

The alloy surface after nitration shows an etched-like texture, with the grain boundaries preferentially affected by the treatment, due to their higher reactivity (Figures [3(a)](#fig3){ref-type="fig"} and [3(b)](#fig3){ref-type="fig"}). The backscattered electron (BSE) images show dark grain boundaries due to a higher content of N (Figures [3(a)](#fig3){ref-type="fig"}--[3(c)](#fig3){ref-type="fig"}). The thickness of the dark grain boundaries ranges between 200 nm and around 1 *μ*m, indicating that the N has penetrated those lengths inside the alloy grains. Apart from the preferential nitration of the grain boundaries, it is clear that the treatment has significantly changed the whole surface of the alloy. The nitrided surface of each grain appears with a similar dotted pattern. The dotted pattern is caused by the formation of N-rich domains coexisting with less nitrided domains, visible as brighter spots in the images, while before treatment ([Figure 3(d)](#fig3){ref-type="fig"}) only topographical features could be observed, neither grain boundaries nor the presence of domains inside the grains.

The EDX elemental analysis ([Figure 4](#fig4){ref-type="fig"}) detected the alloy elements and nitrogen, with a minor presence of N in the original alloy, clearly growing up after nitration to about 33 at.%, according to the EDX quantitative analysis, a value in line although slightly lower than what is given by XPS measurements. We estimate that the electron penetration depth at 20 keV, and therefore the depth of the region measured by EDX, exceeds one micron, explaining the very weak contribution of O from the very thin oxide passivation layer in the original alloy. Besides EDX measurements confirm the nitridation of the surface to a micron-scale depth and also indicate that the decrease of Nb content detected by XPS measurements at the outer surface of the nitrided alloy is characteristic of the whole nitrided layer.

3.2. Electrochemical and Corrosion Behaviour of Bare and Nitrided Alloy in Comparison with Ti {#sec3.2}
---------------------------------------------------------------------------------------------

The electrochemical behaviour of the bare and nitrided alloy in comparison with Ti in Ringer solution was appreciated from the cyclic potentiodynamic polarization curves and main electrochemical parameters. The corrosion resistance was evaluated from Tafel representations by the main corrosion parameters.

### 3.2.1. Electrochemical Behaviour of Bare and Nitrided Alloy in Comparison with Ti {#sec3.2.1}

Polarization curves ([Figure 5](#fig5){ref-type="fig"}) of the bare and treated alloy in Ringer solution shifted to left and to more positive potentials showing an ennobling of the corrosion, *E* ~corr~, and passivation, *E* ~*p*~, potentials and a reduction of the passive current density, *i* ~*p*~; the *i* ~*p*~ values are constantly maintained on the whole passive potential range, indicating the continuous thickening of the protective layers only by the ionic transfer inside these layers, in concordance with the high field mechanism \[[@B62]\].

From [Table 2](#tab2){ref-type="table"} the following can be observed.

*E* ~corr~ and *E* ~*p*~ values for the treated alloy are about 150 mV more electropositive than those of Ti and about 100 mV more electropositive than those of the bare alloy, denoting the enhancement of the corrosion resistance due to the protective action of the nitride and oxynitride coating \[[@B39], [@B45], [@B51]\].

\|*E* ~corr~ − *E* ~*p*~\| values for the nitrided alloy are lower compared with Ti and the bare alloy, which means a stronger, more rapid, easier passivation as a result of the contribution of the nitride and oxynitride coating that acts as a barrier layer against the ion crossing through it \[[@B40], [@B45]\].

All electrochemical results confirmed the high chemical stability of the nitride and oxynitride coating and the superiority of the applied treatment.

### 3.2.2. Corrosion Resistance of Bare and Nitrided Alloy in Comparison with Ti {#sec3.2.2}

From the corrosion parameters ([Table 3](#tab3){ref-type="table"}) the following observations can be summarized: (i)the values of the corrosion current density, *i* ~corr~, corrosion rate, *V* ~corr~, and ion release rate for the processed alloy significantly decreased in comparison with those of Ti and bare alloy, namely, a very high corrosion resistance that attests a denser, very stable coating \[[@B40], [@B44], [@B45]\];(ii) the polarization resistance, *R* ~*p*~, of the treated alloy increased with about three orders of magnitude, with respect of the untreated alloy, a fact that proves the high chemical stability and the inertness of the nitride and oxynitride coating \[[@B37], [@B39], [@B45]\];(iii) the protective efficiency factor, *E*, has very high values, over 91%, reflecting the very good protective action of the applied coating, due to its adhesion and compactness that comprises both nitrides and oxynitrides \[[@B51]\] (by XPS analysis);(iv) in the same time, the porosity factor, *P*, has moderate values around 32--36%, in relation with SEM images.

The values of the corrosion parameters ascertained the excellent corrosion resistance of the coated alloy in the real functional conditions from the human body, namely, Ringer\'s solution of different pH values.

3.3. *In Vitro* Behaviour of Human Osteoblasts {#sec3.3}
----------------------------------------------

It has to be highlighted that very few studies addressed the*in vitro* biocompatibility of the superelastic Ni- free Ti-based alloys \[[@B21], [@B49], [@B58], [@B63]\] and there is no available literature on their*in vivo* osseointegration capacity. In a previous study \[[@B58]\], our group established that the superelastic Ti-25Nb-25Ta and the commonly employed implant material, Ti-6Al-4V, exhibited almost equivalent hFOB 1.19 osteoblast response in terms of viability, cell attachment and spreading, morphological behaviour, production of fibronectin and its organization into extracellular network, and cell proliferation potential \[[@B58]\]. Park et al. \[[@B63]\] assessed the MC3T3-E1 preosteoblast response to the ultrafine-grained (UFG) and coarse-grain (CG) Ti-13Nb-13Zr alloy as compared to CG Ti-6Al-4V. The experimental results conducted to the conclusion that the UFG and CG Ti-13Nb-13Zr alloys exhibit significantly increased cellular attachment compared with CG Ti-6Al-4V alloy. Furthermore, the analyzed differentiation markers showed the highest levels of expression on the superelastic Ti alloys, especially on the ultrafine-grained one. In another study, a novel superelastic Ti-19Zr-10Nb-1Fe alloy with low Young\'s modulus (59 GPa) was fabricated \[[@B21]\]. The*in vitro* experiments with MC3T3-E1 preosteoblasts demonstrated almost similar extent of cell adhesion and proliferation on both the Ti-19Zr-10Nb-1Fe and NiTi alloys.

In this context, the aim of our biological assays was to comparatively evaluate the*in vitro* behaviour of human osteoblast-like cells MG63 on bare and nitrided superelastic *β*-type Ti-23Nb-07Ta-2Zr-0.5N alloy and Ti. An important feature of any biomaterial for clinical applications is the lack of cytotoxicity. In order to determine the possible detrimental effects exerted by all biomaterials on the cell viability, the release of LDH into the culture media was quantified as an index of cell death. As it can be seen in [Figure 6(a)](#fig6){ref-type="fig"}, MG63 cells exhibit a comparable viability. Thus, the time-dependent profiles of LDH activity revealed no significant differences between the three analyzed substrates at any point in time. Moreover, LDH activity recorded approximately similar optical density (OD) values at 1 and 3 days after seeding. A higher activity but not a significant one for the loss of membrane integrity was remarked between the third and fifth days of culture. This could be associated with the confluence-initiated cell death. Consequently, all three samples elicit no significant cytotoxic responses from MG63 osteoblasts and do not alter cell viability. Furthermore, the proliferation status of the total population of cells was assessed by MTT colorimetric method. As shown in [Figure 6(b)](#fig6){ref-type="fig"}, the number of viable metabolically active osteoblasts on the analyzed substrates equally increased from the first to the fifth day of culture. By day 5, the proliferation rates on the three surfaces were significantly higher than those found after 1 and 3 days of culture. Taken together, these findings prove that all studied biomaterials favor cell proliferation without showing any deleterious effect suggesting increased biocompatibility.

Cells attach to the material surface by a variety of cellular microextensions, such as filopodia and lamellipodia. In this study, cell-to-substrate interaction was observed by double fluorescent staining of vinculin and actin filaments. It is largely accepted that the initial interaction of cells with the biomaterial will influence their further fate. Consequently, cell adhesion and morphology were both investigated in order to assess the biocompatibility of the nitrided Ti-23Nb-0.7Ta-2Zr-0.5N substrate as compared to the bare one and Ti reference biomaterial. A major protein of focal adhesions and a key player in the regulation of cell adhesion is vinculin \[[@B64]\]. Hence, vinculin provides a valuable detection system for focal adhesion sites by means of specific antibody detection. In this study, after 30 min of culture, most of the cells with a round morphology were attached to all three surfaces ([Figure 7](#fig7){ref-type="fig"}). At 6 h after seeding, the osteoblasts showed different degrees of spreading. Some diffuse actin and vinculin were expressed inside the less-spreading cells while in the elongated ones a weak developing actin network could be remarked. Furthermore, discrete punctiform signals for vinculin have been found at cell periphery. This vinculin labeling pattern suggests formation of focal contacts between plasma membrane and extracellular proteins adsorbed to materials\' surfaces. At a later time point (24 h), fluorescence analysis revealed typical appearance of osteoblast cells with well-expressed stress fibers oriented parallel to one another and to the long axis of the cell and punctiform vinculin signals at the termini of actin microfilament bundles. At all-time points, no significant differences in terms of cell spreading, cytoskeleton organization, and focal contact formation could be observed between analyzed samples. Overall, our results demonstrate that the bare and nitrided Ti-23Nb-0.7Ta-2Zr-0.5N represent suitable substrates for cell adhesion and cell proliferation, as well.

4. Conclusions {#sec4}
==============

The thickness of the native passive film existing on the bare Ti-23Nb-0.7Ta-2Zr-0.5N alloy surface is 6.5 ± 0.5 nm. For the nitrided alloy, the thickness of the formed layer could not be determined because it is a very thick coating. The XPS high resolution spectra differ very much referring to the bare and nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy. The massive presence of the nitrogen that reacts with the surface and with the bulk of the alloy was observed for the nitrided alloy. The nitrogen is also observed in depth in the range of microns, forming nitrides and oxynitrides and diminishing the thickness of the native passive film under 5 nm. Oxygen has a lower concentration correlated to the much higher nitrogen atom concentration if compared with the bare alloy. Thus, the nitriding treatment strongly influences both the composition and properties of the surface, of the substrate and of the bulk alloy.

SEM images revealed an etched-like texture, after nitration with the grain boundaries ranges between 200 nm and around 1 *μ*m, indicating that the N has penetrated inside the alloy grains. The EDX elemental analysis detected the alloy elements and nitrogen; for the nitrided alloy, there is obviously a decrease of N content from the surface towards the inside of the grains.

Polarization curves of the treated alloy in Ringer\'s solution shifted to left and to more positive potentials showing an ennobling of the corrosion and passivation potentials and a reduction of the passive current density; the passive current density values are maintained very constantly on the whole passive potential range, indicating the continuous thickening of the protective layers only by the ionic transfer inside these layers, in concordance with the high field mechanism. All electrochemical results confirmed the high chemical stability of the nitride and oxynitride coating and the superiority of the applied treatment. The values of the corrosion parameters ascertained the excellent corrosion resistance of the coated alloy in the real functional conditions from the human body.

Furthermore, cell culture experiments with MG63 osteoblast-like cell line proved that all studied biomaterials favor cell proliferation without showing any deleterious effect suggesting increased biocompatibility. Based on all these findings, nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy demonstrated great potential to be used as future prosthesis material.
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![XPS survey spectra for bare (a) and nitrided (b) Ti-23Nb-0.7Ta-2Zr-0.5N alloy.](BMRI2015-261802.001){#fig1}

![XPS high resolution spectra: (a) Ti 2p for bare alloy; (b) Ti 2p for nitrided alloy; (c) Nb 3d for bare alloy; (d) Nb 3d for nitrided alloy; (e) Ta 4f for bare alloy; (f) Ta 4f for nitrided alloy; (g) Zr 3d for bare alloy; (h) Zr 3d for nitrided alloy; (i) O 1s for bare alloy; (j) O 1s for nitrided alloy; (k) N 1s for bare alloy; (l) N 1s for nitrided alloy.](BMRI2015-261802.002){#fig2}

![SEM images spectra for nitrided (a--c) and bare (d) Ti-23Nb-0.7Ta-2Zr-0.5N alloy in BSE mode.](BMRI2015-261802.003){#fig3}

![EDX spectra for bare (a) and nitrided (b) Ti-23Nb-0.7Ta-2Zr-0.5N alloy.](BMRI2015-261802.004){#fig4}

![Cyclic potentiodynamic polarization curves for Ti and bare and nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy in Ringer solution of different pH values, at 37°C.](BMRI2015-261802.005){#fig5}

![Viability of MG63 osteoblast-like cells cultured onto Ti and bare and nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy for 1, 3, and 5 days as determined by (a) LDH and (b) MTT assays. Data analysis was based on mean ± SD (*n* = 3). ^••^ *p* \< 0.01 versus corresponding sample at 1 and 3 days; ^⋆^ *p* \< 0.05 versus corresponding sample at 1 day; ^⋆⋆^ *p* \< 0.01 versus corresponding sample at 1 day; ^⋆⋆⋆^ *p* \< 0.001 versus corresponding sample at 1 day.](BMRI2015-261802.006){#fig6}

![Merged fluorescence images of actin filaments (green) and vinculin (red) in MG63 osteoblast-like cells grown on Ti and bare and nitrided Ti-23Nb-0.7Ta-2Zr-0.5N surfaces. The nuclei are stained in blue with DAPI. Scale bar represents 20 *μ*m.](BMRI2015-261802.007){#fig7}

###### 

Atom relative concentrations (atom %) of the initial films existing on the bare and nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy surface.

  Alloy      Element relative concentrations (at.%)                             
  ---------- ---------------------------------------- ------ ----- ----- ------ ------
  Bare       42.1                                     26.0   0.8   1.4   21.2   0.5
  Nitrided   37.8                                     16.8   0.5   2.0   3.0    39.9

###### 

Main electrochemical parameters for Ti and bare and nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy in Ringer\'s solution of different pH values, at 37°C.

  Material                          *E* ~corr~ (mV)   *E* ~*p*~ (mV)   Δ*E* ~*p*~ (mV)   \|*E* ~corr~ − *E* ~*p*~\| (mV)   *i* ~*p*~ (*μ*A/cm^2^)
  --------------------------------- ----------------- ---------------- ----------------- --------------------------------- ------------------------
  Ringer pH = 3.21                                                                                                         
  Ti                                −400              −200             \>1000            200                               25.1
  Bare Ti-23Nb-0.7Ta-2Zr-0.5N       −350              −150             \>1000            200                               6.3
  Nitrided Ti-23Nb-0.7Ta-2Zr-0.5N   −250              −100             \>1000            150                               3.2
                                                                                                                           
  Ringer pH = 7.58                                                                                                         
  Ti                                −320              −200             \>1000            120                               15.2
  Bare Ti-23Nb-0.7Ta-2Zr-0.5N       −250              −150             \>1000            100                               2.3
  Nitrided Ti-23Nb-0.7Ta-2Zr-0.5N   −150              −50              \>1000            50                                1.2
                                                                                                                           
  Ringer pH = 8.91                                                                                                         
  Ti                                −475              −275             \>1000            200                               18.3
  Bare Ti-23Nb-0.7Ta-2Zr-0.5N       −350              −250             \>1000            100                               5.5
  Nitrided Ti-23Nb-0.7Ta-2Zr-0.5N   −250              −150             \>1000            100                               3.3

###### 

Main corrosion parameters for Ti and bare and nitrided Ti-23Nb-0.7Ta-2Zr-0.5N alloy in Ringer\'s solution of different pH values, at 37°C.

  Material                          *i* ~corr~ (*μ*A/cm^2^)   *E* (%)   *V* ~corr~ (*μ*m/Y)   Ion release (ng/cm^2^)   Class   *R* ~*p*~ (kΩ cm^2^)   *P* (%)
  --------------------------------- ------------------------- --------- --------------------- ------------------------ ------- ---------------------- ---------
  Ringer pH = 3.21                                                                                                                                    
  Ti                                0.74                      ---       8.625                 876.3                    FS      11.3                   ---
  Bare Ti-23Nb-0.7Ta-2Zr-0.5N       0.097                     ---       0.868                 88.19                    PS      257.9                  ---
  Nitrided Ti-23Nb-0.7Ta-2Zr-0.5N   0.0085                    91.24     0.076                 7.72                     PS      784.6                  32.83
                                                                                                                                                      
  Ringer pH = 7.58                                                                                                                                    
  Ti                                0.724                     ---       8.326                 845.9                    FS      18.2                   ---
  Bare Ti-23Nb-0.7Ta-2Zr-0.5N       0.031                     ---       0.277                 28.2                     PS      351.3                  ---
  Nitrided Ti-23Nb-0.7Ta-2Zr-0.5N   0.0026                    91.61     0.023                 2.55                     PS      957.2                  36.70
                                                                                                                                                      
  Ringer pH = 8.91                                                                                                                                    
  Ti                                1.186                     ---       13.7                  1391.9                   S       13.9                   ---
  Bare Ti-23Nb-0.7Ta-2Zr-0.5N       0.092                     ---       0.823                 83.62                    PS      275.8                  ---
  Nitrided Ti-23Nb-0.7Ta-2Zr-0.5N   0.0081                    91.20     0.073                 7.42                     PS      772.1                  35.72

[^1]: Academic Editor: Athina Bakopoulou
